Bubbles reside at the water surface before bursting, emitting droplets that can contain chemicals and pathogens linked to disease and contamination. We discover that bacterial secretions enhance the lifetime of bubbles. We also reveal and elucidate two distinct regimes of thinning for such contaminated bubbles. Initially, marginal regeneration governs their thinning rate, similarly to clean water bubbles. However, due to their enhanced lifetime, it is eventually evaporation that governs their thinning, thus also dramatically decreasing their thickness at burst. We derive and experimentally validate the expression for the critical timescale at which the transition between the two regimes occurs. The shift in thinning law makes the droplets produced by contaminated bubbles smaller, faster, and more numerous than those produced by clean bubbles. Our findings suggest that microorganisms can manipulate the aging physics of surface bubbles to enhance their own water-to-air dispersal. DOI: 10.1103/PhysRevLett.121.204502 Air bubbles are ubiquitous at water surfaces [1, 2] of pools, hot tubs, recreational facilities [3] [4] [5] , toilets [6] [7] [8] , and wastewater plants [9] , and involve sloshing, impacts, and plunging jets [10] . They are also the outcome of natural processes such as breaking waves and rain-drop impacts [10, 11] . Surface bubbles eventually burst and fragment into droplets that contain chemicals and pathogens that have important consequences on climate [12] [13] [14] [15] and air contamination, indoor and outdoor. Bubbles are a major public health concern: the droplets they generate in contaminated water carry infectious payloads [16] that can remain suspended in the air and cause airborne disease transmission [17] . A direct link between health hazards and bursting bubbles was first reported for the transport of aerosols containing neurotoxins associated with algal blooms [18] [19] [20] [21] . Inhalation of droplets from bubbles containing bacteria is also a recognized route of infectious disease transmission [22] , including for heavy burden pathogens such as Clostridium difficile [6, 23] , Legionella [24] , and nontuberculous Mycobacteria [25, 26] . Droplets from bubbles also contribute to the large scale dispersal of marine viruses [27, 28] . Yet, despite their significance for climate, ecology, and public health, the interplay between bubbles and pathogens remains unknown and the ability of bacteria to manipulate the bubble physics has so far been ignored.
Upon burst, large surface bubbles (R ≳ 1 mm, with R the bubble cap radius) produce film droplets via fragmentation of their cap (Fig. 1) . To understand the details of film droplet properties, it is important to first characterize the basic physical processes at their origin. Indeed, the number, size, and speed of film drops depend on the bubble cap thickness at burst [29] , itself a function of the time that the bubble spent at the water surface, its surface lifetime: older bubbles are thinner, and produce more, smaller, and faster droplets (Fig. 1) . The bubble cap thickness evolution has been characterized for clean water [29, 30] , but discrepancies on film drops reported in the literature persist, even from experiments on individual bubbles in controlled laboratory settings. Specifically, the effect of the water composition on the bubble physics and on the number and sizes of film drops is unclear [12, [31] [32] [33] , and in particular the effect of bacterial contamination on surface bubbles remains unknown.
In Fig. 2 we reveal bacteria on a thin contaminated bubble cap using interferometry imaging. This novel visualization of pathogens directly shows their presence on the cap throughout the bubble life and that they do not readily drain out into the bulk. Understanding the thickness of contaminated bubble caps that governs film drop numbers, sizes, speeds [29] , but also their bacterial load is thus critical. Our experimental setup is a vertical tube filled with liquid [30] . We generate bubbles one by one below the surface with a tip connected to an air pump. Once bubbles reach the surface, we monitor their lifetime and obtain the time evolution of bubble cap thickness by filming bursts with high-speed imaging. Indeed, upon rupture of a bubble, a hole forms on the cap and grows at constant speed v. We measure this speed, as explained in details in [30] , and relate it to the cap thickness h using the Taylor-Culick relation [34, 35] : h ¼ 2σ=ρ w v 2 , with σ the surface tension of the bulk water and ρ w its density.
Prior studies [30] and the present Letter show that bubbles at clean water interfaces are short lived, with lifetimes seldom longer than 10 s (Fig. 3) . However, we discovered that their lifetimes can reach 70 s when the water has been stagnant and exposed to air in an uncontrolled manner for weeks [ Fig. 3(a) ]. We also discovered that the cap of these long-lived bubbles has a peculiar thickness evolution after 30 s, with a faster thinning [ Fig. 3 (a)] never reported for clean water bubbles. Upon a posteriori investigation of water-composition for such peculiar bubbles, we identified natural bacterial contamination, possibly explaining such observations. The remainder of this study focuses on elucidating the robustness of the existence of this additional thinning regime and how bacterial contamination leads to its creation, thereby altering the physics of thinning of bubble caps.
To study bacterial contamination in a controlled setting we use E. coli O157:H7 (strain EDL933 Δstx), bacteria cells mL −1 , with or without filtration of the bacteria. Solutions of filtered bacteria are obtained using a 0.22 μm pore-size filter. The ambient humidity is H ¼ 22 AE 5%, and H > 95% for saturated air conditions. All experiments in this study are conducted at ambient temperature T ¼ 24 AE 1°C. In this figure and the next, filled and open symbols show natural and manual bursts, respectively: due to their more deterministic lifetimes, bubbles from concentrated solutions of surfactants or bacterial secretions must be pierced manually with a needle to obtain their thickness at an early time. (c) Probability distribution function of bubble lifetimes t b in ambient air, with deionized water. Bubbles in pure water scarcely live longer than 10 s, while bubbles in filtered or unfiltered solutions of bacteria can live up to 90 s. (d) Similar results are obtained with tap water, for which bubbles have the same thickness evolution as with deionized water [30] . Each curve in (c) and (d) represents one dataset consisting of an average of 1600 bubbles per curve.
involved in waterborne outbreaks [38] and that may also be airborne [39] . We grow them in minimal medium, M9 [36] and dilute the culture in deionized water [37] . We selected this protocol to limit the possible influence of surface active materials or electrolytes present in rich growth media (e.g., lysogeny broth) on the bubble lifetime and drainage [ Fig. 3(a) ]. Figure 3(b) shows the time evolution of the cap thickness hðtÞ of contaminated bubbles. When young, the bubble cap thickness follows a power law consistent with hðtÞ ∼ t −2=3 as predicted by a drainage model derived and verified in prior work for clean water [29, 30] . Contaminated bubbles clearly live longer than in noncontaminated water as shown in Figs. 3(c) and 3(d) . Indeed, although the lifetime of water bubbles in noncontaminated water can vary when using the same initial water and same experimental setup and protocol, their lifetime always follows the same underlying physics governed by a unimodal distribution of lifetimes, with a mean lifetime ranging from 1 to 10 seconds [29, 30] 
This shift in maximum lifetime and shape of lifetime probability density function is robust to change of water type, deionized or tap water, and turns out to have profound consequences on the thinning of the bubbles prior to burst. As seen in Fig. 3(b) , when reaching approximately 30 s of age, bubbles thin extremely fast, no longer following the classical drainage law hðtÞ ∼ t −2=3
. The transition between the two regimes appears as a kink on the curve of thickness temporal evolution. When bacteria are filtered out of the solutions, these long lifetimes and kink in the curve of thickness evolution persist. The comparison of thinning laws between filtered and unfiltered contaminated water [ Fig. 3(b) ] shows that bacterial secretions [40, 41] , not directly bacteria, are responsible for the observed kink in thinning law.
To rationalize this radical shift in thinning law for old contaminated bubbles, we hypothesize that the kink is induced by the evaporation of the cap film. We test this mechanism by comparing the thinning of contaminated bubbles in saturated and unsaturated air [ Fig. 3(b) ]. Without evaporation, in saturated air, the bubble cap thickness remains governed by hðtÞ ∼ t −2=3 even for long lived contaminated bubbles, which could live up to 2 minutes: the kink is indeed induced by evaporative thinning. We showed in prior work on clean water bubbles that evaporative cooling leads to replenishing Marangoni dynamics on the cap [30] : this leads to thicker bubbles in unsaturated ambient, but has little effect on the exponent of the thinning power law, hðtÞ ∼ t −2=3 . Next, we quantify the effect of cap evaporative water loss on bubble cap thinning.
The bubble cap drainage hðtÞ ∼ t −2=3 is set by a competition between viscous stresses localized at the bubble foot and curvature pressure [29] as well as Marangoni stresses arising from surface tension differences between the cap and the bulk if present [30] . This leads to an evolution of the cap thickness hðtÞ set by a drainage speed uðtÞ ∼ ðσ=μÞðh=RÞ 3=2 , with μ the dynamic viscosity of the liquid. In addition, evaporation is characterized by the mass flux J of vapor at the bubble surface. When neglecting convection and the influence of the surrounding water bath, this is given by the following [42] : 
The critical thickness h c is the thickness below which evaporation is the dominant mechanism of mass removal and cap thinning, while above h c cap thinning remains driven by drainage. The lifetime at which this shift occurs is tðh ¼ h c Þ ≃ t c =2: at early time (t < t c =2, _ h ∼ −h 5=2 ) the thickness evolution is governed by drainage and follows hðtÞ ∼ t −2=3 , while at later time (t > t c =2, _ h ∼ −1) evaporation leads to a faster thinning than what drainage alone would induce for such thin bubbles, consistent with our observations [Figs. 3(a) and 3(b) ]. Typically, h c ∼ 1 μm and t c ≳ 20 s for the bubble size considered herein: this shows that evaporative mass loss is negligible for young bubbles typical of clean water [30] . On the other hand, we show in Fig. 3 that bacterial secretions can make bubbles live long enough, more than a minute, for evaporative thinning to become dominant. Next, using analog experiments, we determine if bacterial secretions could be considered as acting similarly to exogenous surfactants that can increase bubble surface lifetimes.
We conduct experiments using solutions of water and exogenous soluble surfactants [43] of various types: anionic (sodium dodecyl sulfate, SDS) and cationic (tetradecyltrimethylammonium bromide, C 14 TAB). For robustness and validation, we vary their concentrations from 0.01 to 10 critical micelle concentration (cmc) and vary the air ambient relative humidity from unsaturated to saturated. Figure 4 shows that the thickness of bubbles in solution of
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very closely at early time. This finding is robust even at concentrations above the cmc: at early time (t < t c =2, h > h c ), their thinning remains distinct from the rigid soap film limit [44] . Despite the similarity between the drainage of contaminated bubbles and that of clean ones at early time, surfactants do introduce an important change: they enhance the lifetime of bubbles (Fig. 4) , enabling their cap to reach the critical thicknesses h c below which a shift to a cap thinning dominated by evaporative mass loss occurs. Similarly to what we showed for the effect of bacterial secretions [ Fig. 3(b) ], this shift appears in the form of a kink clearly seen in both thinning laws of the anionic and cationic surfactant-laden bubbles, which is well captured by our model [Figs. 4(a) and 4(c) ].
We now turn to the thickness at burst of contaminated bubbles. Without evaporation, a lower bound for their thickness at burst h b would be that at which the film spontaneously rupture via Van der Waals forces [45, 46] : h b ≈ 10-100 nm, with corresponding maximum lifetime
With evaporation, the maximum lifetime of contaminated bubbles is instead given from Eq. (2) by
. In other words, it is evaporation, not drainage, that limits the maximum lifetime accessible to very stable bubbles, here the contaminated ones. It is important to note that t are only upper bounds of lifetime. Indeed, similarly to clean water bubbles [29, 30] , the thickness at burst of bubbles in unfiltered solutions of bacteria is broad, with a much longer tail in the lifetime distribution of contaminated bubbles (up to ∼70 s) compared to clean ones (up to ∼10 s) [Figs. 3(c) and 3(d) ]. Note that, by contrast, the lifetime distributions of bubbles from both filtered bacteria and concentrated exogenous surfactant solutions are peaked towards long lifetimes [Figs. 4, 3(c) and 3(d) ], closer to the upper bound t evap b . For bubbles contaminated with bacteria, to fully elucidate the contrast between distributions peaked toward long lifetimes for bubbles from filtered solutions versus long-tailed distributions peaked at short lifetimes for bubbles from nonfiltered bacteria solutions, further research is needed to answer the following question: what is the regime of competition between the stabilizing effect of bacteria secretions, shown in this study to act as exogenous surfactants, with the destabilizing effect of local bacterial inclusions in the film [30] ?
In sum, we showed that bacterial secretions act as surfactants that increase the lifetime of surface bubbles, yet maintaining a drainage similar to that of clean water bubbles at an early time. However, with their increased lifetimes, a sharp kink in bubble cap thickness evolution arises. This kink is also observed for analog experiments with exogenous artificial soluble surfactants of various types. We elucidated it by deriving a theoretical model combining evaporation and drainage and showed that, for a given relative humidity and bubble size, a critical lifetime t c exists at which the thickness evolution of long-lived bubbles becomes dominated by evaporative thinning rather than classical drainage, making old contaminated bubbles actually thin dramatically faster than young ones. We showed how this critical transition lifetime depends on the water and bubble properties and validated our model with experiments involving both bacteria-contaminated water and synthetic surfactants.
Surfactants and bacterial secretions lead to older bubbles that are ultimately much thinner at burst than what current bubble drainage models, derived for clean bubbles, would otherwise predict. It is estimated [29] that the mean diameter hdi and number N of film drops emitted by a water bubble scale as hdi ∼ R 3=8 h 5=8 b and N ∼ ðR=l c Þ 2 ðR=h b Þ 7=8 with h b the cap thickness at burst. Hence, bacterial secretions, including biosurfactants, increase the number of droplets from long-lived contaminated bubbles and can select for smaller droplets compared to those from clean bubbles (Fig. 1) . These smaller and more numerous droplets can remain suspended in the air longer and have a higher probability of dispersal such as that required for airborne disease transmission [22] . In conclusion, bacterial secretions are ubiquitous and have many functions [41, 47] . Here, we discovered and elucidated a previously unreported one: by secreting them, microorganisms can manipulate the physics of thinning of a surface bubble to enhance their own water-to-air dispersal. 
